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ABSTRACT 
This paper presents an analysis of the design of 
rotational energy harvesting systems. In this 
background a review of rotational structures is 
presented. Energy harvesting as a feedback 
problem is given. The methods of controller and 
observer designs are analyzed. Finally, the 
limitation of portable electrical energy is 
presented.  
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INTRODUCTION 
 
 Energy harvesting, also called energy 
scavenging is defined in [1] as ‘‘the conversion of 
ambient energy into electrical energy’’. Bickerstaff 
in [2]  sees this definition as too narrow and defines 
energy harvesting as ‘’the collection and storage of 
ambient energy for on demand and off grid use”. 
However, whichever is the case, it involves 
harnessing the available energy around us without 
relying on finite energy from a battery. The Energy 
harvesting systems can be broadly classified into: 
vibration, thermal, small scale solar and radio 
frequency (RF). See [24] and [25].   
For applications such as tyre pressure 
monitoring, monitoring of industrial pumps, 
turbines, etc., continuous rotation exists in the host 
structures and therefore, such rotation can be used 
as an advantage to harvest power  [22, 23].  
Rotational energy harvesting is an active research 
area. Manla, White, and Tudor in [13] presents a 
method of generating energy from the wheel of an 
automobile using a piezoelectric transducer which 
is mounted on the rims of a vehicle. Fig.1 shows 
their proposed setup for mounting the transducer on 
the rims. The limitations of each method were fully 
discussed in [13]. Results showed that when the 
speed of the rims increased, there was a 
corresponding increase of the output power. 
Experiments were conducted at a speed 800 
revolutions per minute. An output power of 4mW 
was obtained. The critical frequency beyond which 
failure of the transducer occurs is given by:  
 
   √
   
             (
 
  
) 
                                      (1) 
 
R = distance between centre of rims and transducer  
 L = length of the transducer frame  
At this frequency of rotation, the bearings 
begin to make contacts with the transducer. This 
hinders the efficient operation of the transducer. 
Their work shows that the force on the bearings of 
a vehicle wheel is high enough to generate power.  
[11] presents results from an experiment 
on piezoelectric devices that harvest energy from a 
rotating source. In the harvester, a piezoelectric 
beam with length, l, oriented radially, was mounted 
at a fixed distance, r, from the rotational axis. 
When a centrifugal force was exerted on the beam, 
changes occur in the rigidness and resonant 
frequency. The authors discovered that when the 
values of the length and radial distance of the beam 
were altered, the harvester’resonant frequency can 
be tuned. This enables the frequency of the driver 
(host) to be tracked within a certain range. In their 
report, this range was within 0Hz – 21Hz. 0.7mW 
output power was the maximum achieved at 
13.2Hz. See Fig. 2 and 3. 
All the harvesters analyzed so far and 
many other published works on rotational energy 
harvesting systems rely on transducers to harness 
energy from a rotational source. Eliminating 
transducers helps reduce the cost of operation and 
also increases the reliability of the system [15]. 
This challenge of eliminating transducers in 
rotational energy harvesting was solved in [21]. In 
his Ph. D thesis, Tzern Toh presents a novel means 
of harnessing power directly from a rotating 
source. Maximum power was scavenged with an 
impedance matching emulator placed between the 
harvester and the boost converter. This work 
improves the harvester in [21] by developing an 
optimal control law to maximize the energy 
harvested without relying on impedance matching. 
[15], [24] also presents novel means of harnessing 
power directly from a rotating source. 
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Figure 1: Manla et al (2009) proposed mounting scheme. 
 
 
Figure 2: Beam under centrifugal force (b) Loaded beam free body diagram, (Lei and Livermore, 2010). 
 
 
Figure 3: Output generated power (Lei and Livermore, 2010). 
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 POWER CONDITIONING FOR ENERGY HARVESTING SYSTEMS 
 
Figure 4: Typical energy harvesting circuitry (Kasyap et al., 2002). 
  
Since the output signal from a transducer 
fluctuates, it is necessary to have a power 
conditioning circuit [2]. In designing this circuitry, 
it is important to ascertain that low power 
electronics is used. This ensures that the power loss 
from the harvester is kept minimal from standard 
circuit theorem, it is also important to check for 
impedance matching in order to guarantee 
maximum power transfer. The research in this area 
is extensive. One of the earliest researches was 
conducted in 2002.   
  In his paper, [9] established a fly back 
converter circuit as seen in Fig. 4. It uses a 
piezoelectric transducer. The circuit ensured that 
the load was independent of the input impedance 
thus, allowing the impedance of the entire circuitry 
to be tuned. With an exciting vibration source, 
several frequencies as well as band-limited white 
noise is contained in the piezoelectric cantilever 
beam [6]. Also, the output impedance of the 
piezoelectric generator is large. The employed open 
loop control strategy was to load the transducer 
with an effective resistor [9]. This resulted in an 
impedance match between the transducer and the 
converter.  20% peak power efficiency was realized 
with 80% fly back converter efficiency [28]. See 
Fig. 5. [7] in his Ph. D thesis reported on how 
power conditioning can be utilized for micro power 
generators incorporating a piezoelectric material.  
  Another important conditioning circuit 
is the boost converter (also called a step up 
converter). It is used to enhance the voltage 
from the output of the harvester. The step up 
converter is made up of a diode, inductor, a 
capacitor and a switching element such as a 
transistor. As shown in Fig. 6, current will only 
flow via the inductor when the switch is shut. 
This results in the storage of energy. Upon 
opening of the switch, current then flows via 
the inductor, diode and also the capacitor. As a 
result of the previously stored energy in the 
inductor, the voltage across the capacitor will 
be higher if the switching is fast enough to 
prevent the inductor from fully discharging [10].
 
 
Figure 5: Schematic of an open-loop fly back converter (Zhou et.al., 2010). 
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Figure 6: Schematic of a boost converter (Rodrigueza et al., 1999). 
 
 
Figure 7: Switching of a boost converter (Rodrigueza et al., 1999). 
 
The proof for the boost converter is derived as 
follows.  
When the switch is closed,     
 
   
  
 
  
 
                                                                 (2) 
I1 = inductor current.  
V1 = input voltage.  
 
When the switch is about to be opened (end of on 
state),  
       
 
 
∫     
 
 
 
  
 
                                    (3)  
D = duty circle.  
 
When the switch is open, assuming there is no drop 
in voltage across the diode, 
       
   
  
                                                    (4)  
V2 = output voltage.  
 
When the switch is about to be opened (end of off 
state),   
       ∫
(     )  
 
 
 
 
(     )(   ) 
 
                   (5)  
 
At the end of the entire on-off process, the overall 
change in current is expected to remain the same 
[10]. 
𝛥 1𝑜𝑛 + 𝛥 1𝑜𝑓𝑓 = 0                                                  (6)  
 
Substituting (3) and (5) in (6)  
 
             
  
 
   
(     )(   ) 
 
               (7)  
(7) Can be re-written in the following form  
 
 
  
  
 
 
   
                                                           (8)  
    
  
  
                                                        (9)  
 
Since 
  
  
 is always less than one, it implies the 
output voltage is always greater than the input 
voltage.    
[17] found that the boost converter 
described in Fig. 6 and Fig.7 above can be 
described by the equations below. 
 ̇   
 
  
                                                   (10) 
  ̇   
 
  
   
 
 
                                            (11)  
 
Where ( 1(0),  2(0)) 𝜖 ℝ
2 
> 0,    represents the flux 
of the inductance,  2 represents the capacitor 
voltage charge, u represents the control law. C 
represents the capacitance. R is the load resistance. 
L and V are the inductance and source voltage 
respectively.  
 
ENERGY HARVESTING – A FEEDBACK 
PROBLEM 
 
Whatever the type of power conditioning 
circuit one uses or how many transducers are being 
considered in an energy harvesting application 
[18], the block diagram as shown in Fig. 8 is used 
to characterize the model of the system.  
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µ represents the harvested power dissipated. c and 
d represent outputs of the harvester, a and b are 
inputs [26]. K represents the controller and it maps 
the current and past values of d into b [19]. [18] 
showed that the harvested power at any time t can 
be evaluated by:  
 
𝑃𝑔𝑒𝑛 = − ( ) ( ) − µ( )                                         (12)  
for τ ≤ t  
 
 
Figure 8: Energy harvesting as a feedback problem. 
 
CONTROLLER DESIGN 
 
The aim of any control law is to improve 
the performance of a system. Broadly speaking, 
there are two types of controllers (control laws) – 
linear and non-linear. Linear controllers are more 
popularly used. This is because they are simple to 
design. As a result, the computational effort and 
design time when using linear controllers 
minimized. Both controller designs were compared 
by [12] for an unmanned rotorcraft. It can be 
inferred that while their implementation is limited, 
nonlinear controllers are mostly valued for their 
theoretical contributions. Various types of linear 
controllers exist as shown in Fig. 9 and 10. This 
depends on their complexity and effectiveness [3]. 
P, PD, PI and PID are examples of simple 
controllers. LQR, LGQ, state feedback controllers 
are complex. For this work, state feedback 
controller design will be utilized. An important 
consideration in state feedback is the performance 
specification. Performance specification shows that 
the equilibrium point is stable (asymptotic) when 
there is no external disturbance [14]. Another 
important consideration is the effect of external 
disturbance. However, this work will assume that 
there is no external disturbance. Thus, only the 
performance specification will be considered. 
  
 
Figure 9: A controlled system (Murray, 2019). 
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As an example, consider the linear dynamic system below:  
  
 
Figure 10: Feedback control. 
 
R represents the input (reference), d is the 
disturbance (external), y represents the output. K 
and K1 are controllers.  
 
𝑥 = 𝐴𝑥 + 𝐵                                                        (13)  
𝑦 = 𝐶𝑥                                                               (14)  
 
Consider a linear negative state feedback  
  = −𝐾𝑥 + 𝐾1                                                      (15)  
 
Substituting (15) in (13)        
 𝑥 = (𝐴 − 𝐵𝐾) + 𝐵𝐾1                                           (16)  
 
K is designed in such a way that the characteristic 
polynomial of the resulting closed loop system can 
be expressed as:  
 
(𝑠) = 𝑠𝑛 + 𝑝1𝑠𝑛
−1 
+ ⋯ + 𝑝𝑛−1𝑠 + 𝑝𝑛                      (17)  
 
This can be referred to as a pole placement 
problem [14]. It is important to note that K1 only 
affects the steady state solution. For more details, 
see [14], [24]. In this work, K1 is taken to be 0.  
K can be computed in MATLAB using the 
“place” command. For example place (A, B, [p1, 
p2, p3...]). Where pi represents the desired closed 
loop pole location.  
 
OBSERVER  DESIGN 
 
Karagiannis and Astolfi in [8] described a 
novel means of designing observers for nonlinear 
systems.                                                                                                 
Consider the dynamic system    
?̇?1=𝑓1(𝑥1,𝑥2,)                                                      (18) 
?̇?2=𝑓2(𝑥1,𝑥2, )                                                     (19)                                                                                                                  
 
DEFINITION 1. 
The dynamical system 
 
𝑥 ̂ ̇   (𝑥  𝑥 ̂  )                                             (20) 
 
With 𝑥 ̂  ℝ
 , p ≥n, is called an observer 
for the system (1) – (2) if there exist mappings                                       
µ(.) ∶  ℝ𝑛 𝑥 ℝ𝑚 𝑥 ℝ𝑝 → ℝ𝑝 and 𝜎( ) ∶ ℝ𝑛 → ℝ𝑝, 
with ( ) left invertible, such that the manifold 
  (𝑥  𝑥  𝑥 ̂  )   ℝ
  ℝ  ℝ ∶   (𝑥  𝑥 ̂  )  
  (𝑥 ) is positive invariant which implies that all 
trajectories of the 
𝑥1  ℝ𝑛 is the unmeasured part of the state and 𝑥2  
ℝ𝑚 is the measurable output.  
The vector fields f1 ( ) and f2 ( ) are 
assumed to be forward complete, i.e. their 
trajectories are defined for all times   ≥  0. See, [8], 
[25] for more details. 
Extended system (1) – (2) – (3) that start 
on  remain there for all future times and is 
attractive, which implies that the trajectories of (1) 
– (2) – (3) that starts in a neighborhood of 
  asymptotically converge to .  Consider the 
equation:  
 
    (𝑥  𝑥 ̂  )   𝜎(𝑥  𝑥   )                          (21)  
 
Using definition 1 to construct an observer 
implies that  should be designed in such a way 
that equation (3) above asymptotically converges to 
zero, uniformly in 𝑥1, 𝑥2 and  . 
  
LIMITATIONS OF PORTABLE 
ELECTRICAL ENERGY - BATTERIES 
   
Energy harvesting systems has been 
proven to be a viable method of powering sensor 
networks and low-power electronics using energy 
sources such as water, air, heat, solar, radio, etc. 
[15]. The power requirements from energy 
harvesting systems are not suitable for powering 
homes or cars but could be used to power sensors 
in a car where it would be too tight to install, 
maintain or charge a battery [27]. Small amounts of 
power can charge sensor batteries for example in 
condition based monitoring of patients in the 
medical world where it is required for a doctor to 
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monitor a patient irrespective of his/her location 
[16-19]. The power generated from harvesters 
depends on the energy available and the needed 
energy and is usually between micro watts to 
several hundreds of watts.     
 Sensors and other electronics can be 
powered via batteries. Batteries however, have a 
major limitation: the amount of power stored in 
them is finite. Like running an aircraft on fuel, the 
system comes to a halt when the fuel is exhausted 
[22-25]. Although, batteries offer low cost and a 
high reliability, it becomes an issue when its 
location is unreachable and the sensor size depends 
on the battery size. It is a known fact that 
replacement and recharging of batteries is tedious 
and exorbitant.  
  Power control and duty-cycle modes are 
two means of curbing the fast depletion of energy 
from a battery [5]. In the power control mode, 
certain nodes are switched off to save energy. Duty 
cycle = node on-time/sum of on-times. For wireless 
and sensor less networks to operate much longer, it 
is essential to use low-duty-cycle measures [20]. 
However, there are setbacks to this approach: A 
tradeoff between efficiency of energy and 
dormancy of the data. WSNs powered from 
batteries cannot meet the requirements of many 
emerging applications that require the lifetimes of 
the network to last for many years [28]. Even when 
batteries are rarely used, leakages still exist [4], 
[16], [20].   
 
CONCLUSION 
 
 In conclusion, the power generated from 
rotational harvesters depends on the energy 
available and the needed energy and is usually 
between micro watts to several hundreds of watts. 
It is imperative to be able to maximally harness 
energy when needed.  This makes the power 
conditioning, controller and observer design vital 
consideration in the design of rotational energy 
harvesting systems. 
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